A frequently used diagram summarizing the annual-and global-mean energy budget of the earth and atmosphere indicates that the irradiance reaching the top of the atmosphere from the surface, through the midinfrared atmospheric window, is 40 W m 22 ; this can be compared to the total outgoing longwave radiation (OLR) of about 235 W m 22 . The value of 40 W m 22 was estimated in an ad hoc manner. A more detailed calculation of this component, termed here the surface transmitted irradiance (STI), is presented, using a lineby-line radiation code and 3D climatologies of temperature, humidity, cloudiness, etc. No assumption is made as to the wavelengths at which radiation from the surface can reach the top of the atmosphere. The role of the water vapor continuum is highlighted. In clear skies, if the continuum is excluded, the global-and annualmean STI is calculated to be about 100 W m 22 with a broad maximum throughout the tropics and subtropics. When the continuum is included, the clear-sky STI is reduced to 66 W m 22 , with a distinctly different geographic distribution, with a minimum in the tropics and local peaks over subtropical deserts. The inclusion of clouds reduces the STI to about 22 W m
Introduction
Summary diagrams of the components of the globaland annual-mean earth energy budget are popular for illustrating our general understanding for those inside and outside the atmospheric sciences. The diagrams produced by Kiehl and Trenberth (1997, hereafter KT97) and updated by Trenberth et al. (2009) have been particularly widely used and are invaluable summaries of current understanding, and provide a useful framework for discussing remaining uncertainties.
This short article is intended to be a pedagogical discussion of one component of the KT97 figure [which was not updated in Trenberth et al. (2009)] , which is the amount of longwave radiation labeled ''atmospheric window.'' KT97 estimate this component to be 40 W m 22 compared to the total outgoing longwave radiation (OLR) of 235 W m
22
; however, KT97 make clear that their estimate is ''somewhat ad hoc'' rather than the product of detailed calculations. The estimate was based on their calculation of the clear-sky OLR in the 8-12-mmwavelength region of 99 W m 22 and an assumption that no such radiation can directly exit the atmosphere from the surface when clouds are present. Taking the observed global-mean cloudiness to be 62%, their value of 40 W m 22 follows from rounding 99 3 (1 2 0.62). KT97 note that the 40 W m 22 ''emphasizes that very little radiation is actually transmitted directly to space as though the atmosphere were transparent,'' which implies that they consider the term to be radiation originating from the surface. (KT97, earlier in the paragraph, are a little vaguer about the term, noting that it represents radiation that ''originates near [our emphasis] the earth's surface''.) We show here that more detailed calculations indicate that the likely value is around half of KT97's estimate. The reason is that while the midinfrared atmospheric window is relatively transparent, it is not entirely so, primarily because of absorption by the water vapor continuum (e.g., Bignell 1970; Clough et al. 1989) . The major component of the continuum in the window is the self-continuum (resulting from interactions between water vapor molecules) whose strength scales as the square of the vapor pressure. Hence its importance varies strongly with latitude and is particularly important in the tropics. KT97's calculations were based on a single atmosphere (a modified form of the U.S. Standard Atmosphere); while they did not account for any possible effects of this nonlinearity we will show that, in the global mean, it is not a serious source of error.
Presumably the reason why KT97, and others, have not explicitly calculated this term is that the methods of vertical integration of the radiative transfer equation in most radiation codes compute the net effect of surface emission and absorption and emission by the atmosphere, rather than each component separately. In the calculations presented here we explicitly calculate the upward irradiance at the top of the atmosphere due to surface emission: we will call this the surface transmitted irradiance (STI). We are not aware of any previous detailed global-scale calculations of the STI. We account for the spatial variation of this component and do not assume that the overcast sky component is zero. In addition, unlike KT97, we make no assumption as to the wavelengths at which radiation can reach directly reach space from the surface. Although the STI is indeed largely confined to the midinfrared window, the 18-25-mm region also becomes relatively transparent in drier atmospheres (e.g., Petty 2006).
Methods and data
Clear-sky STI (STI clr ) is calculated by using the lineby-line model Reference Forward Model (RFM) version 4.22 (Dudhia 1997) in the wavenumber domain 10-3000 cm 21 (wavelengths 3.33-1000 mm) at a spectral resolution of 0.005 cm 21 . The version of RFM used here incorporates the Clough-Kneizys-Davies (CKD) water vapor continuum model (version 2.4); although this has been superseded by the MT-CKD model, the changes in the midinfrared window (see, e.g., Firsov and Chesnokova 2010) are rather small and unlikely to change our estimate by more than 1 W m
22
. The strength of the midinfrared continuum and its temperature dependence are in any case subject to revision as new measurements refine our understanding (e.g., Baranov et al. 2008) .
Irradiances are calculated at a spatial resolution of 108 latitude and longitude using a climatology of annualmean profiles of pressure, water vapor, temperature, and cloudiness described in Christidis et al. (1997) . Although slightly dated, the global-mean column water amount is within about 1% of more recent climatologies. Carbon dioxide, methane, and nitrous oxide are assumed to be well mixed with mixing ratios of 365, 1.72, and 0.312 ppmv, respectively. Other greenhouse gases are not considered since their radiative forcing is less than 0.4 W m 22 (e.g., Solomon et al. 2007; Schmidt et al. 2010) ; we have performed an approximate estimate of the effect of 1 ppbv of chlorofluorocarbon 12 (CFC12) (to approximate the sum of all halocarbons in the atmosphere) on the STI clr and the effect is less than 1%. Likewise, aerosols are not considered. It is the larger mineral dust particles that are more likely to have an impact in this spectral region; estimates of the impact of aerosol on the OLR are typically around 0.5 W m
(e.g., Schmidt et al. 2010) . The impact on the STI will depend on, for example, the height of aerosol layers and the aerosol radiative properties and is likely a larger effect than the CFCs if they are mostly at lower altitudes; this is discussed further in section 4. The surface is assumed to have an emittance of unity.
To calculate the total STI, clouds needs to be included. We neglect any scattering in the longwave [see Costa and Shine (2006) for more discussion] so that the STI at wavenumber n is given by
where A and WP respectively correspond to cloud amount and water path from the nine cloud types from the International Satellite Cloud Climatology Project (Rossow and Schiffer 1999) . The mass absorption coefficient k(n) is calculated using standard Mie scattering code assuming a lognormal distribution of cloud droplet sizes for water clouds and using Fu et al. (1998) for ice clouds. The irradiance field is assumed to be diffuse, and so a standard diffusivity parameter of 1.66 is adopted. Clearly a more sophisticated approach to modeling the STI component through cloud could be adopted; however, our method is considerably more complex than that of KT97 and, in any case, it will be shown that clear skies dominate the total STI.
Results
We first illustrate the STI using a single STI clr globalmean profile, constructed from the 3D climatology. Figure 1a shows three components of the longwave radiation budget as function of wavenumber: surface emitted irradiance (given by the Planck function, because we assume the surface to be a blackbody) (dashed line), the upward irradiance at the top of the atmosphere derived using RFM, including the absorption and emission by the atmosphere (solid line), and the STI clr (gray bars). The spectrally integrated irradiance emitted by the surface is about 386 W m 22 , of which 65 W m 22 is STI clr . The OLR is about 259 W m 22 , indicating that the net effect of emission and absorption by atmospheric gases is to contribute 194 W m 22 to the OLR. Figure 1a shows clearly that, for the global mean profile, the STI is predominantly through the midinfrared window (as assumed by KT97), which is shown in more detail in Fig. 1b . However, it is also clear from the difference between the dashed line and the gray bars that a considerable proportion (around 50% at 800 cm 21 ) of the radiation leaving the surface is absorbed by the atmosphere even in this window. To illustrate the role of the water vapor continuum, the black bars in Fig. 1b show STI clr when the continuum is turned off. In the absence of continuum absorption, almost all surface emitted radiation reaches the top of the atmosphere through the atmospheric window, except in the ozone bands near 1000 cm
21
. In addition, when the continuum is excluded, a contribution to the STI clr can be seen in Fig. 1b, Figure 2 shows the geographical distribution of annual-mean STI clr without and with the continuum and then including clouds. STI clr (Fig. 2a) when neglecting the continuum is highest in the tropics and subtropics, peaking at 124 W m
22
, and decreases toward the poles to around 70 W m
. When the continuum is included (Fig. 2b) , there is a marked change in the geographical distribution. The minimum is now in the tropics, with values falling as low as 37 W m
, with local maxima away from the equator, most notably in subtropical desert regions. The continuum absorption is so strong in the tropics that STI clr in polar regions (which is only modestly influenced by the continuum) is typically 40% higher than the tropical values. Figure 3 shows the zonal and annual mean of the STI clr to emphasize the role of the continuum. The STI clr neglecting the continuum (dash-dotted line) is generally more than 80 W m 22 at all latitudes, with maxima in the northern subtropics (mostly associated with the Sahara desert), but with little latitudinal gradient throughout the tropics and subtropics; the tropical values are reduced by more than 50% when the continuum is included (dashed lines). The effect of the continuum clearly diminishes outside of the tropics and is responsible for only around a 10% reduction in STI clr at high latitudes.
Interestingly, these more detailed calculations yield global-mean values of STI clr of 66 and 100 W m 22 , with and without the continuum, very close to the values (65 and 99 W m 22 ) computed using the single global-mean profile, in spite of the potential nonlinearities due to the vapor pressure-squared dependence of the selfcontinuum.
It is emphasized that the impact of the continuum on the OLR is much smaller than its impact on STI clr . For the OLR, the reduction in the irradiance reaching the top of the atmosphere directly from the surface (i.e., the STI) due to the continuum is largely compensated by increased atmospheric emission by the continuum. In our calculations, the annual-and global-mean OLR clr is 271 W m 22 without and 262 W m 22 with the continuum, broadly consistent with the tabulated values in Ellingson et al. (1991) . Figure 4 shows the zonal-and annual-mean impact of the continuum on the OLR clr (together with the observed Earth Radiation Budget Experiment (ERBE) OLR clr for comparison; see, e.g., Barkstrom et al. 1989) . The effect of the continuum peaks at around 14 W m 22 near the equator, compared with the impact on STI clr of around 70 W m 22 (see Fig. 3 ). In relative terms, the effect of the continuum is much smaller for the OLR clr (8% reduction) than for STI clr (32% reduction).
When including clouds, the STI is reduced further (Fig. 2c) because clouds absorb strongly throughout the infrared window. In regions of high cloud amount, such as the midlatitude storm tracks, the STI is reduced from a clear-sky value of 70 W m 22 to less than 10 W m 22 . As expected, values are less affected in desert regions. The subtropics are now the main source of the globalmean STI. The effect of clouds is to reduce the STI from its clear-sky value of 66 W m 22 by two-thirds to a value of about 22 W m 22 . Indeed, just considering global means, had we adopted KT97's assumption that overcast regions contribute nothing to the STI, then, using Rossow and Schiffer's (1999) global and annual-mean cloud amount of 67% and an STI clr value of 66 W m
, this would have yielded almost exactly our cloudy-sky value.
Discussion
This study presents what we believe to be the most detailed estimate of the surface contribution to the clear and cloudy-sky OLR. This contribution is called the surface transmitted irradiance (STI). The global-and annualmean STI is found to be 22 W m
22
. The purpose of producing the value is mostly pedagogical and is stimulated by the value of 40 W m 22 shown on the often-used summary figures produced by KT97 and Trenberth et al. (2009) .
The key reason for the difference between our and KT97's values is their assumption that all of the clear-sky radiation at the top of the atmosphere in the 8-12-mm window originated from the surface; we show that the opacity associated with the water vapor continuum in the 8-12-mm window significantly reduces the clear-sky STI (globally by around 30% compared to a no-continuum value, and even more in moist tropical regions). Our work has also shown that other assumptions used by KT97, including the use of a single global-mean profile, the assumption that the contribution to the STI in overcast regions is negligible and that the STI is predominantly in the 8-12-mm window are, at least for the global mean, well justified.
Our value could be refined by including, for example, other components (halocarbons, aerosols), different representations of the water vapor continuum, and scattering and inhomogeneities in clouds. The impact of aerosols may be quite large. Schmidt et al. (2010) give a top-of-atmosphere forcing value of 0.5 W m 22 . Assuming that the aerosol is mostly at low altitude and given that we find the continuum causes a change in STI clr several times larger than the OLR clr , by analogy the effect of aerosols on STI may be of order 1-2 W m 22 . Our assumption that the surface emits as a blackbody could also be examined, using emerging datasets on the spectral variation of the surface emittance (which can deviate significantly from unity and be as low as 0.75 in the 1000-1200-cm 21 spectral region, in desert regions; e.g., Zhou et al. 2011; Vogel et al. 2011) . Some decision would need to made, then, as to whether or not infrared radiation reflected by surfaces with emittances less than zero should be included in the STI term as this reflection partially compensates for the reduced emission. Although locally important, the effect of nonunity emittances on the global-mean STI is likely to be only a few percent.
Our value could also clearly be refined by using more modern climatologies of (in particular) water vapor and cloudiness and by performing calculations at high spatial and temporal resolution. We do not expect the globalmean STI to be significantly sensitive to the spatial and temporal resolution, given that we found that the STI derived using the single global-mean profile differed little from our more detailed calculation. Recent estimates of global-mean total column water vapor have not deviated more than around 5% from ''textbook'' values of about 25 kg m 22 (e.g., Sudradjat et al. 2005 ) although differences in the details of the distribution are larger. Cloudiness is likely a larger source of error in our calculations because of the inherent difficulties in producing and evaluating global cloud climatology products (see, e.g., Kahn et al. 2008) . Stubenrauch et al. (2009) estimate, using a preliminary assessment of nine global cloud climatologies, that the true global-mean cloud amount is 70% 6 5%; if it is assumed that no STI originates from cloudy regions (see section 3), then the consequent uncertainty in the clear-sky fraction translates into an uncertainty of STI of about 620%.
Given the neglect of other gases and aerosols, and of nonunity emittances, we argue that our derived value is likely to be an overestimate of the true value. Hence we recommend that in any updates to summary energy budget figures, a rounded-down value of 20 W m 22 for the STI be used, with an estimated uncertainty of about 20% mostly due to clouds. For clear skies, 65 W m 22 is probably an appropriate value. It would be less ambiguous to label this component as something like ''emission from surface'' rather than ''atmospheric window'' as was done in KT97 to make it clear that the term refers to where in the climate system the energy originates (i.e., from the surface) rather than the wavelength region in which it originates (the atmosphere and clouds also emit irradiance in the window and the 20 W m 22 does not represent this emission).
Within the context of the KT97 energy-balance type of figures, any adjustment in one quantity necessitates a consideration of how other components in the same figure may be affected. 
